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Mitigation of socio-economic 
damage due to climate change: a 
fuzzy cognitive map optimisation 
for the tuscan viticulture sector
Climate change is considered one of the main potential 
causes for socio-economic damages in viticulture in the 
future. The analysis of such systems has to be carried out 
adopting a methodology able to link different spatial and 
temporal variables, as well as evaluating the uncertainty 
related to climatic scenario. Thus, the Fuzzy Cognitive 
Map (FCM) approach was adopted to analyse potential 
viticulture trends under climate alteration in the Tuscany 
region (Italy). Best allocation of policy resources and incen-
tives for mitigation of socio-economic impacts were tested 
through the application of nonlinear programming (NLP). 
Best policy scenario were depicted applying a multicriteria 
approach. Results highlighted the importance of regulation 
measures and the maintenance of quality brand.
Introduction
The concept of socio-economic damage related to climate change is mainly 
based on the evaluation of vulnerability, for which the damage is directly linked 
with climate change, and on the resilience that considers the expenses related to 
the mitigation of climate change effects (IPCC, 2007).
The influence of climate variability and the impact of climate change on the 
wine sector have been examined by different authors in several regions. The stud-
ies mainly focused on the modelling of vine productivity variation (Bindi et al., 
1996; Holland and Smit, 2010; Schultz and Jones, 2010), on the impact on pheno-
logical activity (Schultz, 2000; Webb et al., 2007) and on the potential spread of 
pests and plant diseases (Jones et al., 2005; Stock et al., 2005; Caffarra et al., 2012). 
The results of the above mentioned studies are rather variable and appear to be 
region-specific. Other studies focused on the modification of distribution for a 
particular cultivar or on the maintenance of land suitability for viticulture under 
climate change (Schultz, 2000; Schultz and Jones, 2010; Fraga et al., 2012; Ruml et 
al., 2012). In this analysis, the results were more homogeneous, showing solutions 
like a shifting of the current adopted cultivar to cooler area and the potential in-
troduction of vine varieties more resistant to drought. Modification in the struc-
ture of the wine chain and of the wine industry were examined in Hadarits et 
al. (2010) and Keller (2010). The perception of local stakeholders on the impact of 
climate change was verified in Battaglini et al. (2009), Hadarits et al. (2010) and 
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Alonso and O’Neill (2011). Bernetti et al. (2012) and De Salvo et al. (2013) focused 
on the economic damage due to climate change. In the last two researches, net 
revenues of the viticulture process appear to be negatively influenced by climate 
change unless irrigation systems are introduced (De Salvo et al., 2013).
The high spatial variability of the examined territories and the high specificity 
linked to each cultivar show that the evaluations of possible interventions to assist 
the sector under climate change conditions are highly site-specific. Furthermore, 
the analysis of the above aspects points out how the majority of researches focus-
es just on precise levels of the wine chain. A detailed and holistic evaluation of 
climate change consequences on the viticulture system is in fact a difficult task to 
accomplish (Schultz, 2010). An attempt to investigate at the same moment a wider 
range of features is developed by Lereboullet et al. (2013): they adopted a Mixed-
methods analysis based on socio-ecologic and socio-economic parameters, which 
is able to support adaptation strategies for Mediterranean viticulture in general. 
However, the additional emerging need for the analysis of the viticulture sys-
tem is a unique methodology able to relate different variables and opinions. This 
methodological approach should lead to the definition, and quite easy interpreta-
tion, of potential scenarios and facilitate the identification of specific management 
policies aiming at mitigating the damages. 
A possible methodology suitable for the above mentioned purpose might be 
identified in the Fuzzy Cognitive Maps (FCMs) technique. The FCMs have been 
used in several fields, such as (Ackermann et al., 2004): i) problem solving pro-
cesses within areas characterized by poor or complex data and by a high degree 
of uncertainty, ii) facilitation of communication and of data interpretation through 
the objectification and schematization of interview topics and iii) management of 
qualitative information.
At the national level, the FCMs were used for providing management sce-
narios of water resources in Southern Italy (Khadra et al., 2009) and for the as-
sessment of the perception among the local residents on the construction of bio-
mass plants (Lopolito et al., 2011). A few studies applied FCMs for the evaluation 
of climate change impact. For instance, the expected impacts of extreme events 
on different social groups in India was examined in Reckien et al. (2013) and per-
ceived environmental change analysed through FCMs was used to support envi-
ronmental policy makers by Kontogianni et al. (2012). Currently, according to au-
thors’ knowledge, FCMs have never been applied for the mitigation of potential 
socio-economic damage in the viticulture sector under climate change conditions. 
Therefore, the main goals of the paper are: i) to develop a FCM able to identify 
potential trends in the viticulture system in the case of a climate variation and ii) 
to analyse policy scenario able to mitigate potential socio-economic damage due 
to climate change. 
A FCM was carried out through a deep literature analysis and a validation 
through focus groups. A nonlinear programming (NLP) model was also applied 
in order to optimize resource allocation in policy scenarios. Lastly, different sce-
narios were compared with each other and NLP efficiency was verified applying 
the multicriteria analysis (compromise programming).
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Methodological Approach
Fuzzy Cognitive Maps: general characteristics and analysis
The FCMs are defined as a graph structure representing causal relationships 
among the variables. These relationships can be uni- or bidirectional and involve 
iterative processes (Kosko, 1986). The quantification of the relations is generally 
done adopting fuzzy logic (Chen and Hwang, 1992) and for this reason FCMs 
are defined as a semi-quantitative technique. The FCMs can be obtained through 
a variety of methods, included into two main categories: direct interviews (e.g. 
focus groups) or extraction of information from bibliographic data that show a 
causal relationship (Özesmi and Özesmi, 2004). According to the theoretical ap-
plication presented in Kok (2009), the elements of a FCM can be summarized in 
concepts (or factors), which are the components of the system, and links, that repre-
sent the causal relationships among concepts and are characterized by a direction 
as well as a weight.
The major indexes describing FCM can be identified as follows (see Özesmi 
and Özesmi, 2004 for more details):
• Density (D): it evaluates the index of connections among the variables of the 
map; it depends on the number of variables and on the number of connections.
• Type of variable: it depends on the interaction of the variable with the other vari-
ables. Each criterion can be classified as: i) transmitter (characterized by output 
and no input links), receiver (characterized by input and no output links) and 
ordinary (with input and output links).
• Centrality: shows the strength of connection of a variable with the others, in rela-
tion with the weight of the interactions. In other words, it indicates the contribu-
tion of a criterion within the FCM.
• Hierarchical index: it is a value included in the range 0-1. It evaluates a fully 
hierarchical map if it is equal to 1 and a completely democratic one if equal to 0.
In the present paper, a FCM was implemented as follows. Firstly, through a 
literature analysis, the potential climate change impacts on the wine sector at the 
regional level were pointed out and FCM was designed; then FCM was integrat-
ed and validated by interviews (within focus groups) for the definition of experts’ 
opinions (Ackerman, 2004). The value of the links among the criteria was quanti-
fied through a fuzzification of the qualitative verbal assessment related to scale 2 
by Chen and Hwang (1992) (Figure 1), for both positive and negative correlations.
Nonlinear Programming Model and comparison of the scenarios
Once a FCM is implemented, the system can be run as an iterative process ac-
cording to the following formula (Papageorgiou et al., 2011):
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where Ci,k is the value of concept i at iteration k, wj,i is the value of the link be-
tween concept j and receiver concept i and Ak is the state vector at iteration k. 
The result of a FCM can be represented by its vector at steady state Ass (Kok, 
2009). Four possible situations can result for the steady state: i) “implosion” of the 
concepts to zero, ii) “explosion” of the concepts that can increase/decrease con-
tinuously, iii) cyclic stabilization of the concepts and iv) stabilization at a constant 
value. Due to dynamic behaviour of concepts, the steady state represents the ref-
erence value for the analysis of FCMs.
Scenario analysis can be developed activating a particular driver concept (e.g. 
policy) to other ordinary/receiver concepts. In this case, a fuzzified value of the 
link j,i was assigned to design the influence of a driver concept to the related 
Figure 1. Scale 2 by Chen and Wang (1992).
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variable(s). In order to identify the best allocation of resources from the drivers 
to the ordinary/receiver variables, the optimization procedure of the FCM has 
to be introduced. FCMs are a typical nonlinear system (Ferrarini, 2011) and, as a 
consequence of this, optimization strategies may be attained with nonlinear pro-
gramming (NLP) approaches. Some attempts of FCM optimization have already 
been introduced in literature, mainly based on the Differential Evolution (DE) al-
gorithm (Storn and Price, 1997). Among the different examined researches, Papa-
georgiou and Groumpos (2005) show an hybrid method for training FCM, which 
is based on the DE algorithm and on the nonlinear Hebbian rule. More recently, 
an optimal FCM weight matrix was achieved applying the DE and the Sequen-
tial Quadratic Programming (DE-SQP) algorithms (Shou et al., 2012). According to 
the validated results, one of the most solid and efficient algorithm seems to be the 
DEPS, an hybridation of the Particle Swarm optimization and the DE (Parsopoulos 
et al., 2004). DEPS evolutionary algorithm was therefore applied in this paper for 
FCM optimization together with NLP, as follows.
Let Ass Ci ,ss,p ,Ci ,ss,n{ }  with Ci,ss,p being the value of the concepts at steady state 
that positively influence the system (e.g. efficiency of the production process) and 
Ci,ss,n the value of the concepts at steady state that negatively influence the system 
(e.g. phytopathology). Therefore, the objective function of the model will be:
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where wpol,x,p is the influence (weight) of policy variable on a specific positive con-
cept referred to scenario x and wpol,x,p is the influence (weight) of policy variable 
on a specific negative concept referred to scenario x.
The efficiency of the NLP model is verified applying multicriteria analysis. 
In particular, compromise programming approach (Malczewski, 1999) is applied 
and the distance from the ideal point of every scenario is computed through the 
following procedure. First of all, every concept of the FCM is normalized in the 
range [0,1]:
∑ ⋅+= −−
i
ijssississi wCCfC ,1,1,, )(  [3]
where f is (generally) an exponential equation able to both compel the results in the 
range [0,1] and facilitate the qualitative interpretation of FCM. The used f form is:
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where λ is a positive number set at 1, because of good results showed in literature 
(Papageorgiou et al., 2011).
Then, the distance from ideal point di,ss of each concept was computed as fol-
lows:
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where idi is the ideal value of the concept (1 for positive variables and 0 for nega-
tive ones) and nidi is the non-ideal value of the concept (0 for positive variables 
and 1 for negative ones).
Eventually, the distance of scenario Dx from ideal point was computed as:
Dx = (di ,ss )
m∑m  [6]
where m is the metric of the system. Three examples of metrics were used: m=1 
for a totally compensatory approach (all concepts have the same influence on Dx), 
m=2 for a partially compensatory approach and m=∞ for a totally no-compensa-
tory approach (the worst distance from the ideal point that influences the system).
Implementation of FCMs and the scenario for Tuscany region
The paper focuses on the wine chain of Tuscany, a region located in central 
Italy. The study area is to be considered of high interest at national level for its 
specific terroir, for its several premium quality wines and for the high percentage 
of Controlled Designation of Origin (DOC) and Controlled and Guaranteed Des-
ignation of Origin (DOCG) areas. In addition, for Tuscany wine sector, the quan-
tification of the potential economic damage due to climate change and potential 
adaptation strategies at farm level have already been developed in some research-
es (Moriondo et al. 2011; Bernetti et al., 2012). For this reason it is seems of high 
interest to go further with the assessment of possible policy measures to mitigate 
socio-economic damage due to climate change.
Climate change trends are based on IPCC scenario. The IPCC (2007) estimates 
the emissions of greenhouse gases in response to different regimes of global de-
velopment, through general circulation models (GCM). The GCM are, however, 
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unsuitable for their application at the local level because of their low resolution. 
Thus, GCM were applied to regional areas by means of downscaling procedure 
as applied in Moriondo and Bindi (2009). In particular, this procedure concerned 
two different GCM (HadCM3 and CGGM) and two different scenarios (A2 and 
B2 characterized by regionally oriented economic development and local environ-
mental sustainability, respectively). The current research will mainly refer to the 
results of the HadCM3 model and the A2 scenario, since it is considered the most 
plausible to the local situation (Moriondo et al., 2010).
Moriondo and Bindi (2009) assessed the potential impacts of global change 
on some key aspects of the grape cultivar, in particular: i) cultivation distribution 
(phenology, yield, bio-climatic indices) and ii) adversity (plant diseases, pests, frost 
risks during germination and heat waves during veraison, that is when the berry 
is turning its colour and it is ripening).
The main results show that the suitable arable land for viticulture tends to in-
crease. On the one hand, this aspect might potentially favour a growth of the vine 
area, but on the other, variations of bio-climate characteristics could lead to: i) the 
possibility of moving specific vineyards from a territory to other ones and ii) the 
adoption of different cultivars suitable for those areas characterized by increased 
aridity conditions. Both consequences are potentially leading to a failure to comply 
with the product specifications. These specifications are generally seeking for: i) the 
distinction in the quality of the wines, ii) the maintenance of the traditions, iii) the 
increase of transparency in the market, iv) the differentiation of wine producer of a 
specific area and v) an easy identification of producers by the consumers.
The expected temperature increase should cause an anticipation of the germi-
nation and ripening periods and a reduction of the vegetative cycle of the vine. 
The negative effect on the accumulation of biomass could be partially offset by 
the increase in atmospheric CO2. However, for the A2 scenario a general loss of 
productivity (per hectare) throughout the region could be reported, partly due 
to a medium-high risk of frost in the germination period and heat waves dur-
ing the ripening process. As for the impact due to phytopathology (plant diseases 
and pests - in this case cycles of powdery mildew and moth have been analysed), 
future climate change scenarios seem not to have such a negative impact on the 
vines as confirmed by Caffarra et al. (2012); however, different perceptions on pest 
risk was highlighted among several stakeholders for the case of Italy (Battaglini et 
al., 2009).
An important element that could be modified by climate change is the intro-
duction of irrigation (Grifoni et al., 2006) both in terms of complementary/supple-
mental and systematic irrigation.
The current regional legislation, in the particular case of Tuscany, does not al-
low for a systematic irrigation for those wines belonging to a Designation of Ori-
gin. The only permitted irrigation typology is the complementary/supplemental 
one, within the first three years from plantation and/or in particular dry years. 
The possibility of irrigation depends on the availability and distance from artifi-
cial lakes and streams from which the water can be drawn from pumping systems 
and from the presence of other irrigated crops. 
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A modification of the vegetative cycle implies a modification in the produc-
tion practices (Holland and Smit, 2010; Keller, 2010). As a matter of fact, as stated 
by Alonso and O’Neill (2011) for three areas of Spain, some strategies indicated 
by grapevine growers to reduce impacts are: an earlier harvesting of the grapes, 
a change in the vine growing typologies and the experimentation of other vari-
etals that are more resistant to heat and drought. All these solutions may poten-
tially cause a short and medium-term increase in the production costs (Lereboullet 
et al., 2013). Production costs might be also influenced by mitigation strategies or 
losses due to an increase of extreme events (Mechler et al., 2010). On the other 
side, revenues are obviously depending on the product quantity and on the sell-
ing price of the main product and of any contingent by-product. Simplifying the 
market for wine, it is possible to state that often the selling price of wine is related 
to intrinsic attributes, such as qualitative characteristics related to alcohol degree, 
acidity, colour and grape variety (Tomasi et al., 2010), and extrinsic ones, such as 
country of origin (Veale and Quester, 2008), brand, international market trends 
and presence of funding and policy incentives. Climate change can mainly affect 
qualitative parameters of grape and wine (Mira de Orduña, 2010). A literature re-
view developed by Holland and Smit (2010) highlighted that the impact of climate 
change is likely to be region-specific. A conclusion, relevant for Tuscany region, is 
that “regions with warmer growing seasons may become too warm for the varieties cur-
rently grown there. Furthermore, hot regions may become too hot to produce high-quality 
wines of any type”. From the relation between quality and selling price, the authors 
highlight also the results of Jones and Storchmann (2001) that explain how the 
sensitivity to climate by the different vine cultivars, and thus the quality of the 
final product and its selling price, is strictly specific and single vine related, show-
ing positive and negative responses which do not allow for a generalization of the 
results. Territorial marketing operations and cultural heritage induce in the final 
consumer a quality perception linked to the country of origin especially in terms 
of the typical landscape of the production area (Veale and Quester, 2008; Tomasi 
et al., 2010). In this case, climate variability could turn into a loss of landscape sce-
nic beauty and perceived quality of the product due to a change in the cultivated 
crops. Under a climate change condition, some areas could face the need of shift-
ing towards different agricultural cultivations, directly, because of the unsuitability 
of vine growing, and indirectly, for abandonment of uneconomic vineyards.
Additional economic variables are strictly related to farm and farmer charac-
teristics. Adaptation strategies to climate change at farm level depend on the rela-
tionship between socio-economic variables and adaptation behaviours of farmers 
(Below et al., 2012). The main variables that seem to be influencing the implemen-
tation of adaptation actions depends on professional, training and education of 
farmers, on their specialization and on their capabilities of promptly reacting to 
new and unexpected situations (Bernetti et al., 2012).
According to the above analysis, scenarios related to mitigation policy were 
defined as follows:
• base scenario: baseline scenario with no policy activation.
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• Scenario A: implementation of policies that favour irrigation practices (e.g. crea-
tion of artificial lakes and irrigation systems or economic incentives for irriga-
tion).
• Scenario B: changes on specific regulations. In this sense, particular denomina-
tions and their related product specifications (DOC, DOCG, etc.) could be modi-
fied in terms of allowing for new cultivars, extended/relocated production ar-
eas, agronomic practices, etc. in order to overcome the limitations due to climate 
change.
• Scenario C: implementation of policies to encourage the training/education of 
the farmers (e.g. business knowledge, information on innovative agronomic 
practices, etc.) and to increase the value added of the farms (funding for the pur-
chase of new technologies, etc.).
• Scenario D: researches for genetic improvement of the cultivars in order to plant 
more resilient typologies and to improve the efficiency of the production process.
• Optimized scenario: policy resources are distributed among specific concepts 
(see Figure 2) through the application of the NLP model.
Results and discussion
The elaboration of FCM is showed in Figure 2. The map points out 11 positive 
concepts and 4 negative concepts, with the policy driver able to influence irriga-
tion (scenario A), regulations (scenario B), the characteristics of farm/farmer (sce-
nario C), the choice of grapevine cultivar (scenario D), or all previous concepts si-
multaneously (optimized scenario). 
The analysis of FCM (Table 1) highlights a total of 2 transmitters and 14 ordi-
nary variables, but no receivers. Density is 0.12 and the hierarchy index reaches 
the value of 0.02. These values imply that the relations among the variables are not 
very strong, even though the map seems to be highly “democratic”, as it is demon-
strated by the low value of standard deviation for centrality (0.72). Centrality can 
be synthesized in the importance of a variable in the system. In accordance with 
the existing literature, phytopathology does not seem to be a central parameter of 
the FCM. On the other hand, wine quality reaches the greater importance among 
the variables. This result is consistent with the characteristics of Tuscan viticulture, 
which is highly focused on the importance of its wine brand and on the perception 
of final product in the national and international markets. Other relevant param-
eters are the efficiency of the production process and the economic variables.
Components are analysed according to their steady state by a multicriteria ap-
proach. The computation of the distance from the ideal point for each component 
leads to the results showed in figure 3. Best parameters in terms of distance from 
ideal point seem to be revenues and landscape quality in every scenario. Regu-
lations, efficiency of the production process and the production costs reach the 
worst value in most of the hypotheses. The introduction of policy measures in-
fluences mainly receiver concepts (see e.g. irrigation, characteristics of farm and 
farmer, regulations and choice of grapevine cultivar in the specific scenario).
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An in-depth analysis of the scenarios highlights how, with the application of 
metric m=1 and m=2, scenario C is the optimal one (Figure 4); the use of m=∞ 
depicts the best choice for scenario B.
Performances of optimized scenario are then introduced. Optimized scenario 
is based on NLP approach and DEPS algorithm. This algorithm includes a series 
of variables that has to be parameterized in order to achieve the best result. The 
sensitivity analysis here carried out defines the ranking of the optimized scenario 
in respect to base, A, B, C and D, according to the variation of “swarm” param-
eter (Figure 5). In DEPS algorithm “swarm” defines the number of hypothetical 
individuals to participate in the learning process. In the simulation process, each 
individual finds his/her own solutions and contributes to the overall knowledge.
Figure 2. Fuzzy Cognitive Map.
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Figure 5 shows how the increase of “swarm” parameter improves the perfor-
mance of the algorithm. Fully and partially compensatory approaches have an 
initial phase of stabilization, thereafter optimum is reached. No-compensatory 
approach demonstrates a more linear trend and an early optimization of results. 
However, for the specific case study, with the application of “swarm” value equal 
or greater than 35, optimized scenario shows the best ranking in all cases and con-
firms the validity of DEPS algorithm in NLP modelling.
Figure 6 highlights the sharing of policy resources among the key concepts in 
optimized scenario. The semi-quantitative nature of FCM suggests how the term 
“policy resources” does not necessary mean “economic resources” but should 
be interpreted as a combination of actions aiming at mitigate the socio-econom-
Table 1. Analysis of FCM.
Concept Centrality Transmitter Receiver Ordinary
Vineyards presence 1.50 no no yes
Landscape quality 1.33 no no yes
Irrigation 0.67 no no yes
Wine quality 3.33 no no yes
Wine quantity 0.84 no no yes
Characteristics of farm and farmer 0.83 no no yes
Efficiency of the production process 2.17 no no yes
Quality label 1.33 no no yes
Regulations 2.00 no no yes
Net revenues 2.16 no no yes
Revenues 2.16 no no yes
Production costs 2.17 no no yes
Phytopathology 0.51 no no yes
Choice of grapevine cultivar 2.00 no no yes
Climate change 1.68 yes no no
Policy 1.00 yes no no
N° of variables 16
N° of transmitter variables 2
N° of receiver variables 0
N° of ordinary variables 14
N° of connections 29
Connections/variables 1.81
Density 0.12
Hierarchy index, h 0.02
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ic damage due to climate change. After a first stabilization sequence (up to a 
“swarm” index equal to 35 - Figure 6), the point of equilibrium and the best re-
sults for the optimized scenario are reached with following resources partition: ir-
rigation (1.18%), characteristics of farm and farmer (0.03%), regulations (98.59%), 
Figure 3. Distance from ideal point of the concepts for each scenario.
Figure 4. Scenario distance from ideal point for different metrics.
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change of grapevine cultivar (0.20%). Obviously, the optimization of the results 
and the stabilization in the allocation of the different measures need an increasing 
computation time that seems to assume the trend of a sigmoid function. 
Figure 5. Ranking of optimized scenario according to “swarm” of DEPS algorithm and metric.
Figure 6. Resource allocation for mitigation of socio-economic damage in optimized scenario and 
computation time.
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Conclusions
Potential socio-economic impacts on the Tuscan viticulture sector due to cli-
mate change were analysed by means of a Fuzzy Cognitive Map (FCM). Different 
scenarios were identified and compared to each other using the compromise pro-
gramming technique. Furthermore, optimization of FCM was defined applying a 
nonlinear programming (NLP) approach based on Differential Evolution Particle 
Swarm (DEPS) algorithm.
Results highlight how farm innovation and farmer training represent the most 
important actions for both the fully and the partially compensatory approach in 
case of policy intervention. Qualitative parameter related to the final product and 
the economic variables seem to be among the most sensitive variables of the sys-
tem, in case of climatic alterations. Within these results, a tangible possibility of 
shifting specific vineyards from a territory to other ones and/or to introduce dif-
ferent cultivars suitable for areas characterized by increased aridity conditions 
might pose a serious risk to the maintenance of the high quality of the regional 
wines. As matter of fact, if totally no-compensatory approach or optimization of 
FCM were applied, the introduction of policy measures appropriate for the pro-
tection of the denominations and of their product specifications appear to be the 
best solution for the Tuscan wine chain.
From a methodological point of view, the combination of those factors char-
acterized by a high complexity and the introduction of the stakeholders’ opinion 
on the evolution of the system make the FCM an appropriate tool to be used as a 
decision support. The results given by the optimized scenario confirm the validity 
in the application of NLP and DEPS algorithm. The validation of soundness and 
efficiency of the algorithm is, however, time-dependent and an higher number of 
FCM concepts and links could lead to a significant computation time.
Among the potential improvements of this research, the introduction of ad-
ditional scenarios might represent one. For instance, the influence of direct in-
centives in favour of marketing operation, or the testing of innovative field pro-
duction practices and other IPCC scenarios could be examined. Lastly, due to the 
semi-quantitative nature of FCM, an in-depth evaluation of resources allocation 
must be carried out to define typology and partitioning between legislative and 
economic intervention.
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